The positions of protons are not available in most high-resolution structural data of biomolecules, thus the identity of proton storage sites in biomolecules that transport proton is generally difficult to determine unambiguously. Using combined quantum mechanical/ molecular mechanical computations, we demonstrate that a pair of conserved glutamate residues (Glu 194/204) bonded by a delocalized proton is the proton release group that has been long sought in the proton pump, bacteriorhodopsin. This model is consistent with all available experimental structural and infrared data for both the wild-type bacteriorhodopsin and several mutants. In particular, the continuum infrared band in the 1,800-to 2,000-cm ؊1 region is shown to arise due to the partially delocalized nature of the proton between the glutamates in the wild-type bacteriorhodopsin; alternations in the flexibility of the glutamates and electrostatic nature of nearby residues in various mutants modulate the degree of proton delocalization and therefore intensity of the continuum band. The strong hydrogen bond between Glu 194/204 also significantly shifts the carboxylate stretches of these residues well <1,700 cm ؊1 , which explains why carboxylate spectral shift was not observed experimentally in the typical >1,700-cm ؊1 region upon proton release. By contrast, simulations with the proton restrained on the nearby water cluster, as proposed by several recent studies [see, for example, Garezarek K, Gerwert K (2006) Functional waters in intraprotein proton transfer monitored by FTIR difference spectroscopy. Nature 439:109], led to significant structural deviations from available X-ray structures. This study establishes a biological function for strong, low-barrier hydrogen bonds.
T he transport and storage of protons in a controlled fashion is crucial to many fundamental biological processes such as energy transduction and signaling (1) . Although many proteins that play an important role in such contexts have been identified, understanding in the regulatory mechanism of proton transport and storage remains incomplete. For instance, although the celebrated Grotthuss mechanism (2) is often the assumed proton transport pathway, the complementary ''proton hole'' scheme that involves hydroxide may also play a role in some systems (3) . Another important mechanistic issue concerns the identity of proton storage site(s), which is difficult to determine unambiguously because protons are invisible in the crystal structure of most biomolecules. Indeed, although titratable amino acids are the common suspect for proton storage sites, the unconventional possibility of storing proton in water clusters has also been raised in several recent studies (4) (5) (6) (7) .
An excellent example that has been discussed extensively in the literature is the light-driven proton pump, bacteriorhodopsin (bR). In bR, the light-activated isomerization of its all-trans chromophore to the 13-cis configuration initiates a photocycle that eventually transports protons from the cytoplasmic to the extracellular side of the protein (8) . Under physiological conditions, after the first proton transfer from the Schiff base to Asp-85, a proton is released to the extracellular bulk during the L-to-M transition. This released proton does not originate from Asp-85 (9) but from the residue initially termed as XH, which more recently is referred to as the proton release group (PRG).
The precise chemical nature of the PRG has been a longstanding puzzle in the bR community. Earlier IR studies have assigned the highly conserved Glu-204 and/or Glu-194 as the PRG (10, 11) . Gerwert and coworkers carried out careful analysis of the IR spectra using the WT bR and a collection of mutants. Based on the results of these studies, they refuted the classical proposal because the expected spectra shifts in carboxylate groups upon Glu deprotonation were not observed for the L-to-M transition in the WT bR. Instead, they noted the decay of a continuum band near 2,000 cm Ϫ1 during the rise of the M state, which is reminiscent of the IR signature of protonated water clusters (12) . Accordingly, it was proposed that the proton is stored on a water cluster trapped in a region surrounded by Glu-194, Glu-204, and Arg-82 (4, 5) .
Although it is well-accepted that water in different protonation states plays a crucial role during proton transfers in both liquid and biomolecules (13) , assigning the excess proton to a water cluster rather than the more basic Glu residues seems counterintuitive, especially considering the close proximity of the positively charged Arg-82 (Fig. 1A) . Nevertheless, continuum electrostatics calculations that explicitly considered a titratable water dimer in the relevant region (14) indicated that the proton may preferentially exist in the Zundel form (H 5 O 2 ϩ ) with the 2 Glu residues (194 and 204) ionized to stabilize the positive charge. The continuum electrostatics calculations, however, were based on simple point-charge models and therefore are not conclusive; the close distances between Glu-194, Glu-204 and the relevant water molecules indicate that a quantum mechanical treatment of these residues is warranted for a quantitative consideration of the protonation pattern in this region. CarParrinello molecular dynamics (CPMD)-based quantum mechanical/molecular mechanical (QM/MM) simulations (6) found that a protonated water cluster in the PRG region generated a continuum IR band qualitatively consistent with the experimental observation, providing further support to the idea of involving water clusters rather than amino acid side chains as the proton storage site. However, the QM region included only the protonated water molecules and therefore did not allow proton transfer to the Glu residues. In other words, these calculations (6) did not show that the protonated water cluster is stable in the bR environment and does not deprotonate to the nearby Glu residues. Further, the observation of a short distance (Ͻ3 Å, see
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below) between Glu-204/Glu-194 side chains in high-resolution X-ray structures for both the bR ground state and the L state is consistent with the idea of trapping a proton between these 2 residues (15, 16); considering the uncertainty in hydrogenbonding distances even in high-resolution X-ray structures (17) , however, the structural data alone do not provide a conclusive statement.
Here, we performed combined QM/MM molecular dynamics simulations with both the protonated water cluster and the Glu-194/204 side chains treated at the QM level; the QM level is either the popular density functional theory (DFT) (18) , B3LYP (19) , with the 6-31ϩG(d,p) basis (20) , or an approximate DFT method, SCC-DFTB (21) . At both QM/MM levels, we find that an excess proton on a water cluster is highly unstable and quickly (Ϸ1 ps) moves to become partially delocalized between the Glu-194/Glu-204 residue pair. IR spectra calculations (see Materials and Methods) show that it is this strong hydrogen-bonding interaction that gives rise to the continuum band as observed experimentally for the WT bR. In addition, the vibrational frequencies for the carboxylate stretch are significantly red-shifted for Glu-194/204 due to the strong interaction mediated by the delocalized proton, which explains why the characteristic spectra shifts in carboxylate groups upon Glu deprotonation were not observed experimentally in the expected region of 1,700 cm Ϫ1 for the L-to-M transition in the WT bR.
Results and Discussion Structural Features of WT bR X-Ray Crystal Structures.
It is instructive to first examine the structural feature of the PRG region in available X-ray crystal structures. The position of key residues (Arg-82, Glu-194/204), the hydrogen-bonding pattern between them and the number of resolved water molecules are largely consistent among the structures (Fig. 1B ). In particular, as shown in Table 1 , the pair of conserved Glu residues (Glu 194/204) in the PRG region are spatially very close in most X-ray structures, with the shortest OOO distances substantially Ͻ3 Å. Among the ground-state structures, only that proposed by Luecke et al.
(PDB ID code 1C3W) (22) has the distance slightly longer 3 Å. Among the L-state structures, the major outlier is the recently proposed structure of Lanyi and coworkers (2NTW) (23) , where the significantly longer Glu-194-Glu-204 distance is due to the extracellular movement of the Arg-82 side chain and rotation of the Glu-194 side chain, most likely representing the structure after proton release (i.e., an early M state). The high-resolution structure PDB ID code 1O0A (24) has the retinal in the 13-cis, 15-syn conformation; previous study of proton transfer between the Schiff base and Asp 85 (25) found that such a configuration is not suited for active proton pumping. These considerations lead us to the choice of using 1UCQ as the starting structure of the L-state simulations in this work [see supporting information (SI) for additional discussions]. Although the resolution of this structure is not very high (2.4 Å), the fact that all key residues and water molecules in the PRG region are in the proper locations suggests that this is a sensible choice for the current purpose.
Structural Features of the WT bR in QM/MM Simulations. During B3LYP/MM simulations, the excess proton on the water cluster in the PRG region is highly unstable and quickly (Ϸ1 ps) moves to become delocalized between the Glu-194/Glu-204 residue pair and remains there for the rest of the 5-ps trajectory ( Fig.  2A) . The same behavior is confirmed at the SCC-DFTB/MM level with 5 independent simulations, each at the much longer time scale of 2 ns (Fig. 2C) . The histograms for the minimal distance between the excess proton and the 2 Glu residues ( Fig.  2 B and D) confirm that the excess proton is shared by the pair of Glu residues with a slight preference over Glu-204. Further, the average distance of the 2 oxygens of Glu-204 and Glu-194 is Ϸ2.5 Å at both QM/MM levels, in good agreement with distances found in the crystal structures ( Table 1) . As shown by snapshots in Fig. 2 A and C, the carbonyl groups of the glutamates form stable hydrogen bonds with the surrounding residues like Tyr-83, Ser-193 and water molecules. During multiple simulations 2 bulk Table 1 for references). The figure is generated by using VMD (47). 
No. of waters around Glu194-Glu204 residues waters consistently become involved in this hydrogen-bond network (Fig. 2C) , indicating the protein has flexibility to accommodate more waters than shown by the crystal structure.
As an independent evaluation of the original proposal of protonating the water cluster (4), we performed both B3LYP/MM and SCC-DFTB/MM simulations with only the protonated water cluster (H ϩ ⅐(H 2 O) 4 ) treated as QM whereas the rest of the system as MM (i.e., same as ref. 6 ). Without any constraint, the protonated water cluster samples predominately the Eigen-like form (Fig. 2E) , which is different from the observation of dominant Zundel form in the CPMD simulations (6); the Zundel form is favored in our simulations only if additional spatial constraints are applied to the water molecules (see SI). The key observation is that, in all cases, the distance between the anionic Glu-194/204 oxygens increases to values significantly larger than that in the various X-ray structures (e.g., compare OOO histogram in Fig. 2F to Table 1 ). These changes are much larger than the expected uncertainties in the X-ray structures at the respective resolution (17) , which strongly indicates that the protonated water cluster model is unlikely to reflect reality.
Spectral Features of the WT bR. The computed IR spectra of the QM atoms at the SCC-DFTB/MM level (see SI) clearly show the continuum band in the 1,800-to 2,000-cm Ϫ1 region (Fig. 3A) , in agreement with the experimental observation (4). This continuum band is absent (Fig. 3 B-C) when 1 of the Glu-194/204 residues is treated by using molecular mechanics and is therefore unable to share the excess proton. These findings confirm that the continuum band arises due to the partially delocalized nature of the proton between the 2 Glu residues, consistent with the recent analysis of small molecules involving an ''intermolecular proton bond'' (26); in other words, the diffuse vibrational band of shared proton is not unique to protonated water clusters. The partially delocalized nature of the proton is also reflected in peaks Ϸ2,900 cm Ϫ1 , which likely correspond to OH vibrations and become substantially higher in frequency (Ϸ3,300-3,400 cm Ϫ1 ) if 1 of the Glus is treated with molecular mechanics. . Although all simulations started with 3 water molecules in the active site according to the X-ray structure (1UCQ), 2 water molecules (in green) are consistently observed to move to the region during the nanosecond-scale simulation. (E and F) A snapshot of the PRG region from a B3LYP/6 -31ϩG**/CHARMM simulation (Ϸ10 ps) with only water molecules in the PRG region (plus an excess proton) treated as QM (E), which leads to OOO distances between Glu-194/204 significantly longer than the X-ray result (Table 1 ) (F). For additional analysis at both B3LYP/MM and SCC-DFTB/MM levels, see SI. Another important consequence of the strong hydrogen bonding interaction is that the COOH band of Glu-194/204 is significantly red-shifted to Ͻ1,700 cm Ϫ1 , falling in the range of amide bands; such strong red-shifts of IR bands are also observed in gas-phase models with a shared proton at both the SCC-DFTB and DFT levels (see SI). This explains why the COOH bands have not been identified in the previous FTIR studies (16, 27) , which led those authors to pursue alternative models for the PRG.
Structural and Spectral Features of bR Mutants.
Several mutants have been studied by using the FTIR technique (4, 27) to shed light on the detailed structure of the PRG. A critical test for our shared proton model is, therefore, whether it is able to reproduce these findings. The first set of mutants involve mutation of 1 of the key Glu residues to aspartate: E194D and E204D. In our simulations for the E194D mutant, the excess proton is largely localized on Glu-204 as indicated by the distance histograms (Fig. 4A) . The negatively charged Asp-194 is stabilized by Tyr-83, Ser-193, and surrounding water molecules. The lack of proton delocalization between Glu-204 and Asp-194 leads to the absence of the continuum band in the computed IR spectra (Fig.  4B ), in agreement with the experimental observation (4).
Interestingly, the situation is somewhat different in the E204D mutant simulations. In these simulations, although the proton remains localized mostly on Asp-204, the higher flexibility of Glu-194 results in a weak sharing of proton with Asp-204, as indicated by the histograms for the minimal distance between the excess proton and these 2 residues (compare Fig. 4 A and C) .
Therefore, a weak continuum band around the 1,800-to 2,000-cm Ϫ1 region is observed in the calculated spectra (Fig. 4D) , also in agreement with experimental observation (4). The negative charge on Glu-194 is stabilized by Tyr-83 and active-site waters, whereas the hydrogen bonds between Ser-193 and Asp-204 are negligibly affected by the mutation of residue 204.
The second set of mutants involve mutations near the 2 Glu residues: S193A, Y83F, and R82Q (Fig. 5) . In all these simulations, the excess proton is delocalized between Glu-194 and Glu-204, similar to the WT bR. Correspondingly, the diffuse band near 1,800-2,000 cm Ϫ1 is observed for all 3 mutants (Fig.  5) , although with different intensities, in agreement with experimental observations (4). Specifically, replacing the hydroxyl group of Ser-193 with a hydrophobic methyl group increases the flexibility of the Glu-204 side chain and hence elongates the average distance between Glu-194 and Glu-204 compared with the WT bR; this is consistent with the weaker continuum band found in the experimental spectra for the S193A mutant. By contrast, replacing tyrosine with phenylalanine at position 83 negligibly affects the continuum band as also has been observed experimentally (4) . This is because the lack of hydrogen bonding from Phe-83 to Glu-194 is compensated by active-site water molecules. In the R82Q mutant, the excess proton remains shared between the Glu-194/Glu-204 residues, which gives rise to the continuum band in the 1,800-to 2,000-cm Ϫ1 region. The stability of the 2 negatively charged Glu residues is due both to the delocalized proton and hydrogen-bonding interactions involving nearby residues, which include active-site water molecules that are hydrogen-bonded with the Gln-82 side chain.
Concluding Remarks. In summary, our QM/MM simulations indicate that a model in which the excess proton is stored in a partially delocalized fashion between the 2 conserved Glu residues produces IR spectral features consistent with experiments for both the WT and several key mutants of bR. This model is chemically more intuitive compared with the proposal (4) that involves a protonated water cluster near a positively charged Arg and 2 more basic Glu residues; the water cluster model also leads to structural features less consistent with available X-ray data. Conceptually, our model does not disqualify the functional importance of water molecules in proton transfer. Rather, our finding emphasizes that proton delocalization is not limited to cases involving water molecules as in the commonly discussed Zundel/Eigen cations. In fact, by using an ''intermolecular proton bond'' (26) or a ''low-barrier hydrogenbond'' (28, 29) to stabilize 2 otherwise repulsive groups (e.g., deprotonated Glu residues in bR) might be advantageous from the perspective of balancing significant binding affinity and rapid proton release, which clearly is of functional importance to biomolecular ion pumps. Therefore, we expect that protonmediated amino acid pairs exist as an important functional motif, especially in those involved in proton transports. It is worthwhile to emphasize explicitly this type of motif because protons are rarely seen in X-ray structures, although very short distances (Ͻ2.8 Å) between heavy atoms are useful indications. Unique IR and NMR features induced by the delocalized proton (28, 29) are notable signatures, although, as this study highlights, they need to be carefully analyzed for a proper structural interpretation.
Materials and Methods
Combined QM/MM calculations have been carried out by using 2 QM methods: B3LYP/6 -31ϩG(d,p) as implemented in QChem (30) and SCC-DFTB (21) . The calculations are done with the CHARMM program (31) and the relevant QM/MM modules (32, 33) . SCC-DFTB is an approximate DFT method, which is Ϸ3 orders of magnitude more efficient compared with the standard implementations of DFT. Thus, the SCC-DFTB-based QM/MM simulations allow for nanosecond-scale sampling rather than the picosecond scale at the B3LYP/MM level. Various applications have shown that SCC-DFTB is able to reproduce DFT results with sufficient accuracy in many systems (34, 35) . For the present study, the ability of SCC-DFTB to reproduce strongly hydrogen bonded structures and proton affinities as well as the qualitative spectral features of various water clusters have been shown in recent studies (36, 37) (also see SI for additional benchmarks).
To be consistent with the experimental IR studies (4), MD simulations are carried out starting from the L-state X-ray structure (PDB ID code: 1UCQ, see Results and Discussion and SI for the choice of the starting structure). The treatment of long-range electrostatics is done by using the generalized solvent boundary potential (GSBP) (38) implemented in CHARMM (39) . The IR spectrum for the QM region is computed by the Fourier transform of the dipole autocorrelation function collected from SCC-DFTB/MM molecular dynamics trajectories; multiple independent simulations are carried out for statistical significance. The nuclear quantum effect on the computed IR spectra is approximated with a harmonic quantum correction factor as done in the recent study of water clusters (37) . See SI for additional technical details and discussions. Additional analysis of the various X-ray structures for bacteriorhodopsin in the ground (bR) and L states, gas-phase benchmark calculations, details for the QM/MM simulations and additional results at SCC-DFTB/MM and B3LYP/MM levels with different QM regions are included in the SI. 
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